Direct measurement of the sensitized luminescence of the europium-ciprofloxacin chelate immobilized on a cationic exchanger was used to develop a flow-through room-temperature phosphorescence optosensor for determination of ciprofloxacin. The phosphorescent chelate is formed on-line at room temperature in a flow-injection system and is immobilized on a weakly acidic cation-exchange resin packed in a flow cell. Optimum experimental conditions and analytical performance are discussed in detail. The sensor response for ciprofloxacin was linear, from 1.5´10 -6 to 2.0´10 -5 M with a relative standard deviation of 2.5% (n = 10) and a detection limit of 1.1´10 -7
C iprofloxacin, 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinolonecarboxylic acid (Figure 1) , is an antibacterial agent of the 4-quinolone group with a broad spectrum of activity against Gram-positive and -negative bacteria. Interest in fluoroquinolones has increased over the past decades because of the low incidence of resistance and its wide antimicrobial activity. Among the group of quinolone derivatives structurally related to nalidixic acid, ciprofloxacin appears to be one of the most potent against pathogens.
The most widely used method for the determination of ciprofloxacin is liquid chromatography (LC) with fluorescence or ultraviolet spectrophotometric detection (1) (2) (3) . Photometric (4, 5) and fluorimetric (5, 6) determinations of the drug through the formation of chelates with various metals have also been reported. Recently, determination of ciprofloxacin by measurement of its native fluorescence after retention on a solid support (batch procedure) was described (7) .
Over the past 2 decades, the development and application of chemical and biochemical sensors has been one of the fastest growing areas in analytical chemistry. This fact is a consequence of the increasing demand for integrated analytical systems that use simple instrumentation in several scientific fields (e.g., pharmacy, process control, and environmental analysis). The analytical process must be performed continuously, in situ, and in real time.
In this context, luminescence-based optical sensors are of significant relevance. Luminescence measurements have the advantages of extreme sensitivity and high selectivity. The availability of commercial instrumentation at moderate cost for luminescence measurements also makes possible the development of inexpensive optical sensors. One of the most promising ways to develop a luminescence sensor is by coupling flow-injection analysis (FIA) with optical sensing on solid surfaces. An active solid surface placed in a flow cell can recognize or react with a given analyte present in the flowing solution (8) . The so-called flow-through sensors (8, 9) provide important practical advantages: The use of flow injection allows direct monitoring of analyte concentrations in continuous flow operation, on-line sample pretreatment is possible, and the whole system can be easily automated.
Although fluorimetry has been extensively used in the development of this kind of optical sensor (10, 11) , room-temperature phosphorescence (RTP) offers advantages over fluorescence as a detection mode for optical sensing. These advantages are derived from longer excited-state lifetimes and the greater Stokes' shift of the RTP process. Moreover, the aforementioned approach overcomes the procedural drawback associated with the observation of conventional solid-surface RTP (SS-RTP; 12), that is, the discontinuous character of operations: deposition of the sample and heavy atoms on the solid support and drying. Since the first flow-through RTP optosensor was described (13) , the potential of these sensing devices has been clearly demonstrated with the development of sensors enabling the measurement of different species, such as lead (14) , lanthanide ions (15, 16) , surfactants (17) , and antibiotics (18, 19) .
Fluoroquinolones have already been described as sensitizers of lanthanide luminescence in solution (20) . In this paper we report the development of a flow-through RTP optosensor for the determination of ciprofloxacin, based on the sensitized luminescence of the Eu(III)-ciprofloxacin complex sorbed on Amberlite IRC 50S resin. The retention of the Eu(III)-ciprofloxacin complex on a solid surface avoids relaxation by vibrionic energy transfer to the aqueous solvent and thus improves the experimental conditions for the observation of luminescence.
Experimental

Reagents
All reagents were analytical grade, and solutions were prepared with doubly distilled water.
( Various solid supports of Sephadex (Fluka, Madrid, Spain), Dowex (Aldrich), and Amberlite (Aldrich) with anionic, cationic, and nonionic functionalities were tested.
Sample Preparation
(a) Solid samples.-A total of 5 tablets was weighed and powdered in an agate mortar. The amount corresponding to the labeled weight of 1 tablet was dissolved in water in an ultrasonic bath (15 min) and filtered through a 0.45 µm pore size Millipore membrane. The filtrate was diluted to an appropriate volume with distilled water to obtain a ciprofloxacin concentration of ca 2.5 mg/L.
(b) Solutions.-Samples were diluted (to a final ciprofloxacin concentration of ca 3.5 mg/L) with distilled water without any pretreatment.
Instrumentation
(a) Phosphorescence emission measurements.-Obtained with a Perkin-Elmer (Beaconsfield, Buckinghamshire, UK) LS 50 luminescence spectrometer, which uses a xenon pulsed (8 µs half width, 50 Hz) excitation source, Monk-Gillieson (Beaconsfield, Buckinghamshire, UK) monochromators, a Quantic Rhodamine (Beaconsfield, Buckinghamshire, UK) 101 counter to correct the excitation spectra, and a gated photomultiplier. The luminescence spectrometer was interfaced with a Mitac (Mitac Technology Corp., Taipei, Taiwan) MPC 3000F-386 microcomputer equipped with FL Data Manager software for spectral acquisition. The delay time was 1.1 ms, and the gate time was 10 ms. Instrument excitation and emission slits were set at 5 and 10 nm, respectively. The scan rate of the monochromators was 240 nm/min.
(b) Flow-injection system.-Consisted of a 4-channel peristaltic pump (Gilson Minipuls-3, Villiers-le-Bel, France), three 6-way rotary valves (Rheodyne 50) and polytetrafluoroethylene (PTFE) tubing (0.8 mm id). The flow cell was a Hellma 176-QS (Müllheim, Germany) quartz cell of 25 µL volume with a light pathlength of 1.5 mm. The cell was filled with a suspension of the appropriate solid support with the aid of a syringe. A small piece of glass wood placed at the outlet of the cell prevented displacement of the resin beads (Figure 2 ).
Flow-Injection Manifold and General Procedure
The flow-injection manifold is shown in Figure 3 . The carrier stream, a 3 × 10 -2 M NaHCO 3 /Na 2 CO 3 solution, containing 1.5 × 10 -3 M Na 2 SO 3 , was split into 2 channels in which the sample and a 1 × 10 -4 M Eu(III) solution were simultaneously injected by means of 2 rotary valves. Before reaching the flow cell, the 2 streams merged in the transport system to form the Eu-ciprofloxacin complex, which was being concentrated on the solid support, while the phosphorescence of the complex was continuously monitored at an emission wavelength of 617 nm with excitation at 334 nm. After the phosphorescence signal reached a maximum, a desorbing agent (2M HCl) was allowed to flow by the use of a selection valve. In this way the complex was removed, and the solid support was prepared for the next sample.
Results and Discussion
Spectral Characteristics
Fluoroquinolones have already been described as lanthanide luminescence sensitizers (20) through the formation of lanthanide-fluoroquinolone chelates. It has been suggested that the chelation with the lanthanides, as well as with other polyvalent cations, takes place through the α-keto acid skeleton of the fluoroquinolone nucleus (21) .
Various solid supports were tested. Anionic exchangers failed to retain the complex because of its cationic nature. Cationic resins provided a higher signal than did nonionic resins. Among cationic resins, the weakly acid resin Amberlite IRC 50S (30-50 mesh) provided the most intense RTP signal, probably because of the capacity of this support to form coordinate bonds through the carboxylic moieties with the uncoor- dinated sites of the Eu(III) ion in the complex. As pointed out by other researchers, the formation of coordinate bonds removes water from the coordination sphere of Eu(III), increasing the phosphorescence intensity (15) .
The degree of resin cross-linking also influenced the observed signal. An increase in the degree of cross-linking led to a decrease in the signal, probably because of (1) a reduction in the intensity of the light passing through or leaving the flow cell packed with support, and (2) a lower rate of diffusion of the complex in the polymer because of the decrease in the swelling capacity of the resin. The size of the resin beads was also important; the smaller the size, the lower the RTP signal. A decrease in the size of the resin beads and an increase in the degree of cross-linking both decreased the transparency of the support.
To determine the optimum excitation and emission wavelengths, the total luminescence spectra of both the complex and Eu(III) sorbed on Amberlite IRC 50S beads was recorded by using the flow system described in the Experimental section. The emission maximum was located at 617 nm; 334 nm was selected as the most appropriate excitation wavelength to avoid the direct excitation of the free Eu(III) ions, observed for excitation at 296 nm. In this way a high background luminescence due to excess reagent was avoided. Figure 4 shows the emission spectra of the complex in both aqueous solution and retained on the solid support. As expected, the phosphorescence intensity of the complex retained on the solid support was extraordinarily enhanced with respect to the complex in solution.
Chemical Variables
(a) Characteristics of the carrier solution.-The effect of the pH of the carrier solution on the phosphorescence of the chelate retained on the resin was studied between pH 2.0 and 12.0. As shown in Figure 5 , a maximum signal was found at pH 9.0-9.5. As described for other cations, at acidic pH values the complex is not formed, and the binding of the drug to the cation increases with increasing pH (21) . At higher pH values the phosphorescence intensity decreases, probably as a result of the hydrolysis of the Eu(III) ions. Buffer solutions of 0.02M NaHCO 3 /Na 2 CO 3 , NH 4 Cl/NH 3 , and HCl/Na 2 B 4 O 7 at pH 9.1 were tested as carrier solutions. NaHCO 3 /Na 2 CO 3 was found to provide a slightly higher phosphorescence intensity; thus it was selected as the carrier.
An increase in the concentration of the buffer solutions led to a decrease in the sensor response, but the time necessary to develop the analytical signal was also reduced. It can be attributed to the increase in ionic strength. On the one hand, the selection of 0.03M NaHCO 3 /Na 2 CO 3 solution as the carrier solution reflected a compromise between sensitivity and speed of analysis.
On the other hand, the use of Na 2 SO 3 as an oxygen scavenger was studied. The luminescence signal was not significantly quenched by oxygen, as revealed by the fact that with 1.5 × 10 -3 M Na 2 SO 3 in the carrier stream, only a slightly improved signal was obtained, compared with the signal obtained in the absence of sulfite, probably because the emission process involves intra-rather than intermolecular energy transfer. Nevertheless, if the flow was stopped when the signal of the complex reached a maximum, a fast decrease in the phosphorescence was observed in the absence of sulfite, M Eu(III) aqueous solution was close to 6.0, which provided the maximum signal without requiring modification of the pH value.
(c) pH of the sample.-The influence of the pH of the sample on the phosphorescence intensity was studied in the pH range of 3.0-12.0 ( Figure 5 ). In the pH range of 6.0-9.0, the signal remained constant. We decided not to buffer the sample, although the pH should be checked to verify that it is within this range.
(d) Solid support regeneration.-The solid support was easily regenerated by using 2M HCl. The acidic solution caused the breakdown of the complex and prepared the sensing phase for a new analysis.
Flow Variables
Increasing the length of the reaction coil from as short as possible (50 cm) to 1.5 m had no significant influence on phosphorescence intensity. This result could be explained by a very fast formation of the complex in the transport system. Another explanation could be the formation of the complex on the solid surface as a result of the high concentration of Eu(III) retained on the cationic exchanger.
As expected, the analytical signal decreased slightly when the flow rate increased. The retention process is not instantaneous. Thus, the higher the contact time between the species in solution and the solid support, the higher the intensity of the phosphorescence signal. A flow rate of 2.1 mL/min was selected that reflected a compromise between sensitivity and speed of the determination.
The influence of sample volume injected was studied by inserting loops of different volumes ranging between 0.3 and 3.0 mL of the same ciprofloxacin solution. The volume of Eu(III) solution was maintained to always be equal to the sample volume. Higher sensitivity was obtained by using a larger sample volume because the amount of the Eu-ciprofloxacin complex retained on the solid support was also higher (Figure 6) . However, the use of a larger sample volume decreases the sampling frequency.
Lifetime of the Excited State
The lifetime of the excited state (τ) can be calculated from the equations I t = I 0 e -Kt and τ = 1/K, where I t is the phosphorescence intensity at a time t, I 0 is the phosphorescence intensity at t = 0, and K is a proportionality constant.
To determine the lifetime of the excited triplet state, the phosphorescence intensity of the complex was measured at different delay times, and ln I t was plotted versus the delay time (t); the inverse of the slope is the lifetime of the cited state. The calculated lifetime of the excited state was 0.32 ms, which corresponds to the phosphorescence process.
Statistical Parameters
The sensor was calibrated by using a sample volume of 1 mL. The relationship between phosphorescence intensity and ciprofloxacin concentration was linear in the range 1. error of ≤5% in the determination of the analyte. The species assayed were those commonly found along with ciprofloxacin as excipients in pharmaceutical preparations, namely, glucose, sucrose, lactose, saccharin, starch, citrate, and ethanol. None of them interfered at the highest level assayed (an interference/ciprofloxacin ratio of 25).
Analytical Applications
The proposed sensor was applied to the determination of ciprofloxacin in pharmaceutical preparations. The results are summarized in Table 1 . Relative errors for comparison with the claimed amounts were <4% in all cases. To check the accuracy of the proposed procedure, a recovery study was performed with one of the pharmaceuticals fortified with known amounts of ciprofloxacin ( Table 2) . The recoveries, shown in Table 2 , ranged from 96.4 to 103.1%, indicating that the optosensor can be used successfully for the determination of ciprofloxacin in pharmaceutical preparations.
Conclusions
The RTP optosensor developed for the determination of ciprofloxacin was shown to be accurate and suitable for the analysis of preparations of the antibiotic. The sensor is based on the on-line formation of the Eu-ciprofloxacin complex in a flow system and the continuous monitoring of its luminescent emission when it is retained on a solid support placed in a flow-through cell. Because the optosensor can be regenerated easily, a sampling frequency of 18 samples/h can be achieved. With the coupling of SS-RTP and flow analysis, the advantages of phosphorescence, namely, sensitivity and intrinsic spectral selectivity (few species phosphoresce at room temperature), can be exploited to overcome the procedural limitations of SS-RTP derived from its discontinuous nature.
